Abstract: Nanoscale voids (or 'anti-nanoparticles') embedded in gold films possess plasmon modes with a strong field component at the cavity entrance, radically different to nanoparticle plasmon modes. By creating Ni/Au hybrid rim nanostructures we show how selective coupling to void plasmons provides strong electric field enhancements leading to large surface-enhanced Raman scattering (SERS) signals from molecules adsorbed on the nanovoid film. Since the rim plasmon modes are relatively independent of the supporting void material these results pave the way for hybrid nanovoid structures which combine plasmonic and catalytic properties of the constituent materials in a controllable and reproducible way. 
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Introduction
There is currently an intense interest in characterizing and engineering electromagnetic fields in metallic nanoscale structures, as such fields are crucial to applications including surfaceenhanced Raman spectroscopy (SERS) and novel metamaterials. The interaction of light with a metal surface can be controlled by structuring the surface on, or below, the scale of the optical wavelength. Using appropriate coupling techniques[1, 2], incident light becomes bound to the metal surface through its interaction with resonant electronic charge oscillations, resulting in propagating and localized surface plasmons. Plasmons can be localized at precise locations, for example on tip features or inside cavity resonators, producing significantly enhanced optical fields. These fields are sensitive to the local geometrical and dielectric environment, allowing the selective modification of bulk optical properties by altering the surface properties at particular locations of a structure. While metallic nanoparticles in close proximity or sharp tips have been the focus of most attention, we have highlighted an alternative nano-void plasmon geometry [3] , which is much more controllable and reproducible. Such nanovoid structures (Fig. 1, 2 ) allow rapid investigation of the effects of shape as a function of film thickness ( t ) on the observed plasmon modes, as they evolve from open periodic dish structures to fully encapsulated spherical cavities. Reflectivity measurements reveal strong absorption lines in the visible and near-infrared (NIR) spectra, due to the strong coupling of light into surface plasmon modes. We have shown that these plasmon modes can be engineered with great precision, and by tailoring the structure geometry it has been possible to optimize the substrates for SERS in the UV [4] or even in the NIR [5] . Nanovoid surfaces combine the easy coupling of an open spherical geometry embedded in a film with the field-focussing ability of sharp tips in a very controllable and reproducible way, in contrast to studies involving either metallic nanoparticles in close proximity [6] or sharp metal tips brought close to a smooth surface as reported elsewhere [7, 8] .
As mentioned earlier the nanovoid geometry supports very different plasmon modes [9] to metal particles or tips. Nanovoids support two distinct types of plasmon mode, which have energies and coupling strengths which are strongly dependent on the local structure geometry and sample periodicity. For thin films the open periodic dish structures support delocalised Bragg plasmon modes which propagate several microns across a structure, and are so-called due to their coupling by the periodicity of the structure (fully characterized elsewhere [3, 9] Spherically-symmetric Mie plasmon modes in the cavity mix with additional rim plasmon modes to produce "bonding" (lower energy) and "antibonding" (higher energy) hybridized states with significant field enhancements at precise spatial locations. Since the fields are concentrated inside the dielectric cavity (as opposed to around the metal of a nanoparticle system), there is reduced damping in the void structure. The plasmonic electric field enhancement depends on the contribution of both re-radiation (optical loss) and damping (absorption loss), and in these nanovoids is found to result in longer plasmon confinement times (giving narrower plasmon linewidths than for nanoparticle plasmons) and therefore stronger excitation of molecules for SERS. The wide variety and wavelength tunability of the plasmon modes of nanovoids, their reproducibility and repeatability makes these substrates ideal for studying SERS enhancement [10] . Each type of plasmon mode has a unique field distribution within the structure, allowing the investigation of SERS from molecules at specific locations within a single geometry. Calculations have confirmed that plasmon modes with a strong field component at the cavity entrance or rim provide extremely high electric field enhancements, and are dramatically modified by even a small change in the local dielectric environment, for example by coating with another material. Whilst gold is the metal of choice for many plasmonic applications (due to its strong plasmonic properties and ease of fabrication), other transition metals including nickel are avoided for plasmonic applications such as SERS [11] . D-band transitions make nickel highly absorbing in the visible wavelength range and hence it supports only heavily-damped surface plasmons, resulting in extremely weak SERS enhancements [12, 13] . However by fabricating gold-nickel hybrid structures it is possible to identify the role of precise geometrical features in defining the plasmonic properties of a nanostructure, and create structures with entirely new plasmonic and SERS properties 'invested' by the hybrid composite. This strategy is distinct from but greatly improves on the 'borrowed SERS' concept developed on multilayer coated nanoparticles, which possess only small SERS enhancements, or give substrates with irreproducible properties which are susceptible to pinholes since the metal overlayers are only a few monolayers thick [14, 15] . The process we harness makes growth of such hybrid structures straightforward, allowing us to compare gold rims on nickels voids, with nickel rims on gold voids. These results highlight the complementary roles of enhancement and absorption in SERS.
The well established methodology of electroplating through sub-micron colloidal sphere templates [10, [16] [17] [18] [19] [20] [21] is used for fabricating the nanovoid substrates employed in this work. The self assembly and electrodeposition procedures lend themselves ideally to the fabrication of intricate multi-metal hybrid nanoscale structures, as shown in Fig. 1a . While convective assembly [22, 23] and vertical deposition[24] methods have been used to produce regular 2-D arrays of micro-spheres over large areas, assembly of high quality (less defects, larger crystalline domains) films remains a challenge. We have developed a confined convective assembly method capable of self-assembling monolayers of spheres over areas greater than 1cm 2 . Using this technique, sphere sizes between 350nm and 2µm can be assembled in large single domain areas (Fig. 1g) with few defects. Although such self-assembly techniques inherently produce packing defects, this technique produces templates with a high degree of order, with single crystalline domains of areas typically greater than 100x100 microns 2 . Moreover, since the plasmonic effects investigated here are primarily due to the localised resonances of individual cavities, the influence of long range crystal defects is not significant. After template formation the sample is placed in an electrochemical plating bath of the metal constituting the first nanostructure layer. By monitoring the current passing through the bath, the thickness of metal deposited on the surface can be accurately controlled. The plated metal fills the interstitial regions between the micro-spheres with growth proceeding from the gold coated glass slide upwards through the spheres. Gold has been deposited using ECF60 (Metalor) electroplating bath containing E3 brightener (Metalor). Nickel has been electroplated using a home-made Watt's bath with p-TSA (para-toluene sulfonic acid) added to it. The conditions have been chosen to given low surface roughness by addition of brightener and surfactant, respectively. By systematically retracting the sample from the plating solution during growth, a sample of graded thickness t (defined in Fig. 1c ) is produced on a single substrate. For electrodeposition above t >0.5, film growth is slower near the edges in contact with the hydrophobic polystyrene spheres, possibly due to diffusion constraints. This results in 'billowing' of the metal film between the spheres (Fig. 3k, l) , which is not represented in the model structures (Fig. 3i) . Another observed feature of the templated electrodeposition process is that the 'rim' of the structures is not sharp and typically has a roundness of around 50 nm or greater. After plating the first metal, one half of the graded substrate is coated with an insulating paint to isolate it from further electrochemical coating. The sample is then placed in a second plating bath and a uniform thickness of a different metal is deposited around the sphere template and over the first layer. Since the polymer spheres remain embedded in the structure, the second metal layer gets plated on the exposed top surface of the nanostructure only. After plating, the initial sphere template and the insulating paint are completely removed by dissolution in an organic solvent. Using this procedure, graded gold voids with nickel rim hybrid structures are fabricated. The nickel coating layer can subsequently be chemically etched completely to expose the underlying gold structure. . For comparison, the inverse structure of graded nickel voids coated with gold tops was similarly prepared.
A gold nanovoid sample of sphere diameter D = 600 nm and thickness grading, t = 0.3 -0.8, is shown in Fig. 2 . Initially the sample is plated with two thicknesses of nickel along different longitudinal sections, a thin (~10 nm) and a thick (~ 75 nm) layer. Optical microscope images (Fig. 2 panels b, f and j) show the contrast in colouration between the thin and thick nickel strips, highlighted at three key sample thicknesses ( t ). SEM images confirm nickel plating only on the top surface of the structure and the rim entrance to cavities, with smooth gold clearly visible only within the cavities. This allows the optical and SERS properties of rim plasmons to be clearly identified and differentiated from plasmons located within voids. After the initial experiments were performed, the nickel was completely stripped off the structure by chemical etching, leaving bare gold nanovoids for comparison. Whilst images and spectra recorded using an optical microscope reveal clear differences between the gold and nickel-gold hybrid structures, they provide only limited information about the plasmon modes responsible for the dramatic colour contrasts observed. By comparing angle-resolved reflectivity measurements with calculations, it is possible to identify and label the observed plasmon modes. The full dispersion of plasmons was investigated by recording the reflectivity spectrum for different incident angles, θ, and sample azimuthal orientations, φ, and for various total sample thicknesses t , and hence geometries.
A super-continuum white-light laser was used to study absorption features throughout the visible and infrared spectral regions with samples mounted on a custom-built computercontrolled goniometer. This is programmed to rotate in both the θ and φ directions as well as move in the x-y plane of the sample. Spectra are collected using both visible and infrared spectrometers controlled via the same software used to operate the goniometer. The data collected is then combined into a four-dimensional matrix, R(θ, φ, t , λ), where it can be viewed and analysed. Angle-resolved reflectivity plots for gold/nickel nanovoid structures of thickness t =0.55 and 0.8 are shown as colour plots in Fig. 3 , where white corresponds to 100% absorption and blue corresponds to 100% reflection. The first row presents data for t =0.55 structures. The gold-only structure (Fig. 3a) supports two distinct plasmon modes; a dispersive plasmon mode at ~ 2.1 eV and a localised mode at ~ 1.5 eV. Structures of thickness t = 0.1 -0.4 and t = 0.80 -1 support surface plasmons propagating on the extended flat metal surfaces between voids, referred to as 'Bragg' plasmons due to their diffractive coupling. The energy of Bragg plasmons is strongly dependent on their in-plane wave-vector and the orientation of the crystal lattice φ, as seen for the dispersive mode around 2.1 eV (black dashed line). Comparison with calculation 4 reveals the mode at ~1.4 eV to be the 1 P + localised plasmon (Fig. 3f-j) . This hybridized mode is composed of a rim mode mixed with a void mode (Fig. 3m) , resulting in a strong electric field located at the rim of the cavity. The antibonding configuration of this mode is referred to as the 1 P -mode and again has a strong field component located at the rim of the structure (Fig. 3n) . Crucially for comparison with experiment, initial calculations of coated nanovoids indicate that the mode absorption strengths and field profiles are rather insensitive to the sharpness of the cavity rim for rounding radi < 100 nm. For the gold void coated with a ~10 nm layer of nickel with t = 0.3, (Fig. 2c) , the nickel covers only a small surface area, thus only weakly modifying the observed plasmon modes. However a structure with a 75 nm nickel layer (SEM in Fig. 2d ) strongly modifies the plasmonic modes (Fig. 3c) . The nickel refractive index tunes the Bragg plasmon to a higher energy, as well as blue-shifting the energy of the 1 P + mode. A third mode is observed at 1 eV which is associated with windows which form between neighbouring voids. This mode has also been blue-shifted by the nickel coating, and appears just at the lower energy spectral range of the gold void structure. The nickel structure coated with a 75 nm layer of gold exhibits weaker but similar plasmonic features to the gold structure (Fig. 3d) , apart from a slight increase in the absorption strength and linewidth of the 1 P + mode. Finally, the nickel-only structure exhibits very different plasmonic features (Fig. 3e) to the gold-only structure. The diffractive Wood's anomaly is blue-shifted compared to the Bragg plasmon observed on the gold structure. The 1 P + mode (at 1.4 eV) increases in absorption strength and has a broader linewidth, indicative of increased damping and re-radiation by the nickel layer. These results verify the location and nature of plasmon modes on the gold top layer and at the cavity rim, and confirm that these modes are only subtly influenced by the supporting void structure. Effectively the void acts as an antenna, helping to couple incident light to plasmon modes at the rim of the structure.
Absorption for structures of thickness t =0.8 (second row of Fig. 3) show two localised plasmon modes at ~ 1.4 eV and 1.9 eV, which are the 1 P + and 1 P -modes respectively. The gold-only structure (Fig. 3f) shows enhanced input coupling to the 1 P -mode at small θ (~10 º) through mixing with a weak Bragg plasmon propagating on the corrugated top metal surface (with calculated dispersion shown by the black dashed lines) and enhanced input coupling to the 1 P + mode at larger θ (~ 40°). Upon coating with increasing thickness of nickel (Fig. 3g,h ), the absorption strength and linewidth of the 1 P + and 1 P -modes is increased, revealed more clearly in the extracted absorption spectra summed over incident angles from 0 to 50° shown in Fig. 3k ,l. Since these plasmon modes are localised at the cavity rim, they are highly sensitive to the precise material composition of the local structure, resulting in increased damping on coating with nickel. For the gold structure with a 75 nm layer of nickel (Fig. 3h ) absorption by the 1 P + and 1 P -modes is almost identical in strength as for a purely nickel structure (Fig. 3j) . However the modes are significantly broadened for the nickel-only structure due to increased coupling from the rim modes into the neighbouring absorptive nickel void. Finally for the nickel void with a layer of gold (Fig. 3i ) the absorption strength of the 1 P + and 1 P -modes is reduced compared to the purely nickel structure, and is similar in strength to the gold structure with a thin layer of nickel coating. This indicates that the absorption properties of the nanovoids strongly correlate to the metal composition of the rim. A hybrid rim plasmon ( 1 P +/-) has field concentrated at the apex of the rim (Fig. 3o) . Although mostly adjacent to gold, field also penetrates the nearby nickel, resulting in increased absorption by this mode when compared to the equivalent mode on a gold-only structure. Simulations confirm that this mode also exists on a gold void with a nickel rim but the plasmon field is concentrated at the nickel apex, resulting in further increased absorption and damping.
Experiments have revealed that localised plasmons are responsible for the large SERS signals observed from nanovoid structures [10, 25] . However not all localised plasmons generate SERS signals with equal efficiency. The accepted electromagnetic theory[26, 27] of SERS indicates that signal strength is proportional to energy density at the molecule (SERS ∝ E 2 in ×E 2 out ). Thus experimentally recorded SERS signals are a convolution of the timeaveraged electromagnetic enhancement factor with the efficiency of coupling into and out of a plasmon mode, and are therefore sensitive to both the radiative and absorptive properties of the mode. By coating the nanovoid structure with an absorptive metal such as nickel at specific geometrical locations it is possible to identify experimentally the correlation between plasmon field distribution, coupling strength and SERS enhancement on a single sample. SERS measurements are performed on the composite nanovoid structures with benzenethiol used as the probe molecule. Molecules were adsorbed onto the structure by immersion in a 10 mM ethanolic solution for at least 1 h and then thoroughly washed with ethanol. Figure 4a shows the absorption map for a gold nanovoid structure with SERS peak intensities overlaid in blue. Equivalent maps for all structures (not shown) show similar plasmon mode evolution and SERS intensity dependence with thickness, t , but with the absorption strengths and linewidths as presented in Fig. 3k ,l. The absorption map represents the spectral absorption (summed over incident angles from 0 to 50° which are those collected by the ×100 microscope objective used for SERS measurements) taken at uniformly spaced intervals along the graded nanovoid sample, and is a linear colour plot where yellow corresponds to 100% absorption and black corresponds to 100% reflection. SERS was performed with 785 nm and 633 nm lasers for a single extended scan (10 s integration time) for all samples; dashed lines in Fig. 4a indicate the incident laser wavelength and solid lines are at the absolute wavelength for the 1571 cm -1 Raman lines red-shifted from the laser. The marker size on the plot is proportional to the intensity of the SERS peak at each position and is normalized to the maximum SERS intensity obtained with each laser. SERS signals are strongly dependent on the normalized thickness, t , with the maximum enhancement observed whenever the incident laser is in resonance with a localised plasmon mode. The absorption map reveals several distinct modes, which tune rapidly in energy with increasing thickness. Comparison with the angle-resolved reflectivity plots of Fig. 3 show that the maximum SERS enhancement is provided by the 1 P + and 1 P -modes which are in resonance with the incident lasers for structures of thickness t from 0.4 to 0.8. The gold-only structure and the nickel void with a gold rim give strong SERS signals, however the nickel-only and gold void with nickel rim give negligible SERS signals (Fig. 4b) . Although the nickel layer blue-shifts the plasmon resonances slightly with respect to the incident laser, previous experiments [10] have shown SERS signals to be relatively insensitive to small changes in the resonance energy of the spectrally broad 1 P + and 1 P -modes. Therefore the major factor determining the reduction in SERS strength is the interplay between absorption and radiation provided by the nickel-coated rims.
In order to further elucidate the relationship between light coupling, absorption and SERS signals a simple resonant plasmon model [28] is discussed. This model assumes that light couples to plasmons propagating around the length of the cavity L, where the field coupling strength of incoming light into the plasmon cavity is τ, with r directly reflected . However crucially important in the present hybrid plasmon structures is an additional factor not normally considered. This is the probability, f out , that the Raman-shifted plasmon emitted by the molecule will escape as a photon and not be re-absorbed in the metal, where Despite this general agreement, the model predicts that the gold void with nickel rim should still give significant SERS signals of about 30% of the signal strength relative to a gold-only structure, whereas in experiments SERS is negligible for this structure. This discrepancy could partly be due to the reduced coverage of SERS probe molecules on nickel compared to gold. While it is firmly established that thiols form well-defined compact monolayers on gold surfaces [30, 31] , their attachment to nickel is less efficient due to the presence of NiO on the surface [32, 33] . Hence, some difference in relative coverage between gold and nickel cannot be ruled out. Since the field distribution of the rim plasmon mode (shown in Fig. 3o ) is concentrated at the tip apex, SERS signals are critically dependent on the precise location of molecules, magnifying the influence of molecular coverage differences. This implies that the majority of the SERS signal originates from molecules which occupy less than 5% of the available structure surface area from around the rim. Improved hybrid plasmon nanovoid performance for SERS is thus predicted by optimising the thickness of gold on the rim in concert with the supporting nickel void structure to actively concentrate field on molecules located at the gold tip apex.
These experiments confirm that the large SERS signals observed on gold nanovoid structures are provided by rim plasmon modes unique to the nanovoid geometry which are both strongly coupled to incident light by the underlying cavity void (and therefore highly radiative) and provide strong field enhancements localized at the tip apex. Furthermore rim plasmon modes (and corresponding SERS signals) are relatively independent of (and can even be enhanced by) the supporting cavity structure. While here we demonstrate the use of nickel voids with gold rims, it is straightforward to fabricate hybrid nanovoid structures with improved plasmonic and intrinsic catalytic properties. Using this geometry, one can envisage monitoring reactions where the reactants are catalysed by the void and the products are monitored at the rim as they emerge out of the nanovoid 'cauldron'. Thus these structures can be employed to study nickel-(or any other transition metal) catalyzed cleavage reactions in solution where the products are SERS active (for which experiments are ongoing). While this opens the possibility of studying products of catalysis in real-time without being forced to use high-vacuum methods from surface science, further tuning of hybrid plasmons will potentially allow reduced separation between SERS-active and catalytically-active regions, which would be of even greater utility as a surface probe.
In summary, gold nanoscale voids have been shown to possess radically different plasmon modes to nanoparticles, with significant field enhancements at the cavity rim responsible for the large SERS signals observed from molecules attached to these structures. By selectively coating the nanovoid structure with a thin layer of nickel the coupling strength, energy and linewidths of the plasmon modes are modified, selectively quenching SERS. Conversely, whilst a nickel void structure supports strong plasmons but does not give SERS, a hybrid structure composed of a nickel void and a gold rim is shown to give SERS signals of similar magnitude to that of a gold only structure. Such experiments identify the precise geometrical location of plasmon modes responsible for SERS, and reveal the subtle relationship between absorption, field coupling and SERS signals using a simple plasmon resonant cavity model. This information is crucial for the effective use of plasmons in antenna applications such as reproducible surface enhanced Raman scattering and paves the way for hybrid structures combining novel plasmonic and catalytic properties simultaneously.
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